The dielectric properties of ultrathin film BaZr 0.8 Ti 0.2 O 3 , are explained by its crystallization behavior, which is linked to the films' chemical composition, to thickness effects, and to interfacial reactions with the substrate. 
Introduction.
Downscaling the gate insulator in MOSFETs is one of the aspects of sustaining transistor miniaturization, at the heart of microelectronics' advancement. After having reduced the thickness of the traditional SiO x gate dielectric to its limits, the downscaling has continued lately by replacing the SiO x with alternative high-k dielectrics such as Hf based materials [1] [2] [3] [4] , among other efforts. After successful implementation of these second generation gate dielectrics in commercial applications, research has turned towards the identification of a third generation alternative "higher-k" dielectric, to keep up with the ever increasing demands imposed by the ITRS roadmap.
BaZrO 3 has been proposed as a candidate material for application as alternative gate insulator, because of its relatively large dielectric constant (15-40 for bulk and thin films) and band gap of 5.3 eV, 2 eV larger than BaTiO 3 5-7 , but so far did not receive a lot of attention. Substitution of Zr 4+ by Ti 4+ to form solid solutions of Ba(Zr,Ti)O 3 on the other hand, has been studied widely both for bulk and thin film samples, with applications as actuators, multilayer ceramic capacitors, dynamic random access memories and tunable microwave devices 8 . However, in the literature, focus has mainly been on the Ti rich side of the phase diagram. Reports on the dielectric properties of Zr rich compositions in bulk as well as thin film are scarce 8, 9 . These, however, do indicate that substitution of a small amount of Zr 4+ by Ti 4+ can increase the dielectric constant. In order to avoid ferroelectric relaxor type behavior and maintain a temperature independent dielectric constant, the composition selected in the present work was BaZr 0.8 Ti 0.2 O 3 . This composition, being on the boundary between the compositional range of Ti-rich nanopolar clusters and relaxor ferroelectric behavior 8, 10 , was reported to have a dielectric constant of ~90 for bulk ceramic and thin films on platinized silicon 8, 9 , which is twice that of BaZrO 3 itself. Furthermore, it is expected that the crystallization temperature for the solid solution will be lower than for BaZrO 3 , since the latter has a higher melting point (2500°C 11 ) than BaTiO 3 (1625°C 11 ).
Size-effects, occurring when the crystallite size is reduced to the nanometer scale or when the film thickness is decreased, are known to have strong effects on the ferroelectric properties of BaTiO 3 (see for example refs. [12] [13] [14] ). Phase changes as well as interface contributions have also been observed to strongly affect the dielectric properties of high-k dielectric materials when scaling down their thickness e.g. 15 . The range of film thicknesses in the final application as alternative high-k dielectric for CMOS will be well below 30 nm (ultrathin films), which will therefore be the focus of the present work.
Previously, the advantages of using aqueous chemical solution deposition for the fabrication and screening of ultrathin dielectric oxide films have been reported 16, 17 . It was shown that the k values obtained from CSD films were equal to those for other deposition techniques, such as atomic layer deposition, which supports the use of this deposition technique for high k films. The high stability, the close mixing of the metal ions and the subsequent good homogeneity of the precursor solutions can be expected to allow uncomplicated fabrication of multimetal oxides with a complex composition, such as Ba(Zr,Ti)O 3 . This is one advantage compared to alkoxide sol-gel routes, where different hydrolysis rates depending on the metal ion can lead to phase separation.
Other advantages are the low cost and the use of water instead of often teratogenic or harmful organic solvents.
To the best of our knowledge, there have been no reports on ultrathin films of 
Crystallization of films.
Ultrathin films.
The crystallization of ultrathin BZTO films, deposited from a 0.025 M solution, with an ellipsometric thickness of ~8 nm, was studied with both HT-XRD setups. However, only the Vantec setup showed weak crystallization (Error! Reference source not found.a), beyond the sensitivity of the Lynxeye setup. A low intensity diffraction peak at ca. 29.8°2θ was observed starting from ~950 -1000°C and could be ascribed to the cubic perovskite BZTO phase.
It can be inferred that compared to the precursor powders, it is extremely difficult to and was found to be in good agreement with the nominal composition, with differences of maximum 0.5%. Films were spin coated using these precursors and after thermal determined, is set to 10% as a broad estimate. The general reproducibility of these measurements amounts to 5%.
From this extended XPS and RBS study, it could be concluded that Ba 2+ deficiency in the films compared to the precursor, is observed consistently for all the compositions studied (Error! Reference source not found.).
A large error in the ICP-AES determination of the precursor solution is not probable.
There is the indirect evidence that the precursor gels prepared from the same solutions did yield phase pure BZTO powders, while the perovskite structure is not expected to superconductors and proton conducting perovskites [20] [21] [22] . Loss of Ba 2+ by reaction with the alumina crucible 23 is unlikely, since there is no direct contact between the films and the crucible. In the present study, the evaporation at relatively low temperature (600°C)
could be enhanced by the extremely large surface to volume ratio related to the very low film thickness.
To compensate for this effect and try to lower the BZTO crystallization temperature, a 20% Ba 2+ excess was added to the precursor (0.025 M), since the loss amounts to this. In summary, a large Ba deficiency in the films in comparison to the precursor solutions was demonstrated. To compensate for this effect, Ba 2+ excess was added to the precursor solution. It did not modify the crystallization behavior of the ultrathin films, which still remained amorphous up to extremely high temperatures of approximately 950 -1000°C.
Crystallization behavior as a function of film thickness.
The film thickness is known, both from experimental results as well as modelling, to affect the crystallization kinetics of thin films. Thicker films crystallize faster during an isothermal period, when considering volume induced crystallization 24 . The experimental results shown here suggest that the activation energy, for the crystallization of BZTO, is increased strongly in ultrathin films, compared to powders.
To verify this, the crystallization behavior of films with higher thickness was studied Based on the presence of the (110) Ba(Zr,Ti)O 3 peak at ~30°2θ, which is the strongest reflection, it is concluded that the perovskite phase is formed. This phase remains stable up to at least 950 -1000°C. The results demonstrate that thin films (t > 100 nm)
can crystallize into the desired perovskite phase, even when deposited from stoichiometric precursor solutions onto SiO x /Si substrates.
Since film thicknesses above 100 nm are shown to be easily crystallized at relatively low temperatures, it can be inferred that the very low film thickness is related to the crystallization resistance of ultrathin BZTO films. Possibly, this can be partially explained by the effect of Ba loss, which can be expected to be more severe for the thinner films due to their larger surface/volume ratio, and which could affect their crystallization behavior. This effect, however, merely adds to the strong effect of a higher activation energy for crystallization of ultrathin BZTO films compared to thin films.
Furthermore, in the literature an increase of the crystallization temperature is observed of Hf based dielectrics 26 , when silicates are deposited, or of rare earth oxides and scandates [27] [28] [29] , when silicates are formed through interfacial reaction. For SrTiO 3 films a Ti rich interfacial layer, consisting of TiSiO x and TiSi 2 has been reported 30 .
Furthermore, possibility of intermixing or silicate formation at the interface of (Ba,Sr)TiO 3 and BaO films with Si substrates is described [31] [32] [33] . Annealing can aid in its removal, but will adversely affect the interfacial reaction. The k-value ranges indicated, were based on the range of the EOT values for the different capacitors on each sample. These values are close to the permittivity that was obtained for BaZrO 3 films (k = 15), deposited by aqueous CSD and annealed at 650°C 43 . They are low in comparison to the values expected based on literature of thicker films and bulk ceramics 8 . This can be explained by the lack of crystallization, leading to a higher molecular volume which decreases k e.g. 44 . Furthermore, the absence of long range ordering prevents formation of polar clusters of BaTiO 3 , which are reponsible for the expected effects of Ti 4+ addition on BaZrO 3 in this compositional region 8 . This leads to the similarity of the k value of BaZr 0.8 Ti 0.2 O 3 to BaZrO 3 films deposited by the same route. On the other hand, k values of 15 have also been reported for bulk BaZrO 3, which was dependent on the porosity 6 . This also could be a supplemental factor in our amorphous films, possibly having lower density than that of crystalline material.
Dielectric properties of ultrathin BaZr
The leakage current was very low for all the films, lying in the noise level for the thickest films, and being slightly higher for the thinnest films (Error! Reference source not found.b). Error bars here reflect the range of the leakage current at V FB -2.5V obtained on the different devices.
Anneal treatment at high temperature or for prolonged periods of time, would be beneficial to enhance the crystallinity and remove the carbonate. However, at least 950 -1000°C is needed according to the study of the crystallization behavior, which would enhance the interfacial silicate formation and Ba 2+ loss. These expectations were confirmed by k-value determination of BaZrO 3 films after annealing at 900 °C (not shown). After 1 min annealing the k-value remained 15, while longer annealing times led to very high leakage and low dielectric breakdown voltages.
In short, the electrical results for the ultrathin films with thickness below 30 nm, deviate from bulk and thin film (> 100 nm) properties in the literature. This can be attributed, at least in part, to the films amorphicity and concurrent possible lack of densification, the presence of the silicates and the minor carbonate secondary phase, based on the results presented in the previous paragraphs. Compensating for barium deficiency by addition of an excess to the precursor leads to a status quo of the k value.
Experimental.
The precursor synthesis was carried out analogously to the synthesis detailed in an earlier publication 18 , where we reported the preparation of aqueous BaZrO 3 precursor solutions. Here, Ba(Zr,Ti)O 3 precursor solutions were prepared by mixing the BaZrO 3 precursor solution with a citratoperoxo-Ti(IV) precursor solution prepared as reported earlier in the publication 45 . A schematic of the entire synthesis procedure is given in (Merck, 32%, extra pure) were used. The concentration of the mono-and multimetal ion solutions was measured using ICP-AES (Perkin Elmer, Optima 3000).
On the one hand, the precursor solutions were evaporated in Petri dishes in an airflushed laboratory furnace (60°C) for gelation. Next, the gels were precalcined (200°C)
as a preparation for high-temperature X-ray diffraction measurement (HT-XRD).
On the other hand, (ultra)thin films were obtained by spin coating the precursor solutions onto 1.2 nm SiO x /Si substrates (2.5x2. The fundamental study presented in this work, yields an improved insight into the crystallization resistance of ultrathin BaZr 0.8 Ti 0.2 O 3 films, the material related causes for it and its effects on the electrical properties.
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